An Adenovirus (Ad) DNA replication complex extracted from infected HeLa nuclei could be purified free of the bulk of intracellular DNA polymerase activity by serii mention in neutral sucrose gradients. However, the replication complex still retained some a and y DNA polymerase activity. Since this complex is inhibited by 2', 3 1 dideoxythymidine-5'-triphosphate (ddTTP), an inhibitor of ENA polymerase y, a functional role for this enzyme in Ad DNA replication is suggested. Similar inhibition by ddTTP in intact Ad infected nuclei and comparable inhibition of Ad DNA synthesis in whole cells by dideoxythymidine (ddThy) are consistent with a role for DNA polymerase y. Dninfected HeLa nuclei or whole cells are not similarly inhibited by ddTTP or ddThy respectively. Such data does not rule out an additional functional role for other DNA polymerases, and recent experiments from this laboratory (1) suggest that DNA polymerase a is also involved in Ad DNA synthesis.
INTRODUCTION
Experiments on Adenovirus (Ad) DNA synthesis in our laboratory have led to the development of an in vitro system to study viral DNA replication (2) .
Ad replication complexes are isolated from the nuclei of infected cells by extraction with ammonium sulfate. Such extracts, which are free of host chromosomal DNA, synthesize viral DNA in a way similar to that i£ vivo.
The size of the DNA product formed by the in^ vitro replication complex is full-sized Ad DNA and greater than 95% is complementary to viral DNA. As in whole cells, the in vitro DNA replication is bidirectional (2) and the temperature sensitive mutation of the H5tsl25 virus is biochemically expressed (3) . Electron microscopy of Ad DNA replicating intermediates isolated from the in^ vitro system (4) are similar to those isolated from whole cells (5) .
Other in^ vitro Ad DNA replication systems have been isolated from nuclei of infected cells (6, 7, 8) . Each of these systems is able to incorporate deoxynucleotide triphosphates into DNA molecules which had been fraction, either by using gel filtration or another neutral sucrose gradient resulted in a complex which produced only small ENA fragments. DMA Polymerase Activity: Using exogenous primer templates, the three DNA polymerase activities a, 0 and y were detected in the nuclear extract of Ad2 infected HeLa cells. The bulX of these activities sedimented at the top of the neutral sucrose gradient (Pig. 1). However, small amounts of a and f were also associated with the sucrose cushion fraction. Table 1 shows that in the cushion fraction 24 pmol of the DHA polymerase a activity and 7 pmol of the DNA polymerase y activity were found, whereas only 0.11 pmol of the DNA polymerase B activity were present. Consistent with the failure to show significant levels of DNA polymerase B activity in Ad DNA replication complexes is our finding that 4 mM NEM severely inhibited the endogenous activity in the cushion fraction (data not shown) whereas polymerase B is resistant at such NEM concentrations (17).
Purification of DNA Polymerase from the Sucrose-Cushion Fraction: Sonication of the sucrose cushion fraction sedimented from Ad2 nuclear extracts did not significantly affect the activities of DNA polymerases a and y o 11 exogenous primer-templates; however, the endogenous Ad2 DNA synthesizing activity was almost completely abolished (Table 1) . When this sonicated hanogenate was applied to DE-52 cellulose columns, 2 Legend to Table 1 : Huclear extracts (15ml) from Ad2 infected HeLa cells were applied to six neutral sucrose gradients as described in Methods. Following centrifugation for 5.5 hrs at 24,000 rpm in the Heckman SW27 rotor, the 33 ml gradients over 3 ml 60% sucrose cushions were fractionated into aliquots. The three DNA polymerase activities were measured both in the cushion fractions and in the fractions from the tops of the gradients without further extraction. The activity of DNA polymerase in the cushion was measured before and after sonication of the replication complex.
peaks of DNA polymerase activity were eluted at 0.14M and .24M potassium phosphate respectively (Fig. 2) . Table 1 . The sucrose cushion fractions from the 6 gradients were pooled, sonicated, dialyzed and applied to a DE-52 cellulose column. The DNA polymerases were eluted with a gradient of 20-400 mM potassium phosphate buffer (pH 7.4) containing 0.5 mM DTT and the activities were assayed using the primer-template poly(rA)•oligo(dT) (•-•) or activated salmon sperm DNA (0-0) as described in Materials and Methods. One unit of DNA polymerase represents the amount of activity required to incorporate one nmol of 3H-TMP into add precitable material in a one hour reaction at 30°C and the activity is expressed as units per 1 ml aliquot.
In sane preparations the elution profile of DNA polymerasea a and Y from EE-52 cellulose were partially overlapping (data not Bhown) . These preparations required further purification of DHA polymerase y by phosphocellulose column chromatography which gave a single peak of y activity. He used the selective assay conditions described to measure the activities of cellular DNA polymerases (14) . We found that in our preparations of polymerase a and 6 purified from DEAE cellulose and y run through a second column of phosphocellulose, that each DNA polymerase contained little contamination by the other two activities.
The effect of ddTTP on the activities of DNA polymerase a, B and y was determined. Figure 3a shows that when the ratio of (ddTTP/TTP) is increased from 0 to 3, the activity of DHA polymerase y is inhibited. This inhibition reaches more than 90% at a ratio of (ddTTP/TTP) equal to 2.0, irrespective of the primer template used. The activity of DNA polymerase (3 which is essentially undetectable in Ad2 replication complexes is also inhibited, but less extensively. In contrast, the activity of DNA polymerase a is very resistant to the inhibitor.
When the same ratios of (ddTTP/TTP) were used with the endogenous Ad2 replication system, the DHA elongation activity was decreased (Figure 3b ) .
The inhibition of the unfractionated Ad2 nuclear extract reached 75% whereas the further purified replication complex from the sucrose cushion was inhibited more than 90%. For comparison, the replication activities of intact Ad2 infected or uninfected He La nuclei were measured. HeLa nuclei were not inhibited by these levels of ddTTP whereas Ad2 infected intact nuclei were inhibited to the same extent as the infected nuclear extracts.
The Effect of Dideoxythymidine on DHA Replication in Whole Cells: The effect of dideoxythymidine (ddThy) on Ad2 DNA synthesis was investigated.
At 18 hr after infection, the cells were exposed for 20 min to ddThy at In order to test the effect of ddThy on the size of DNA produced during either HeLa or Ad2 DNA synthesis, the cells were treated with various concentrations of ddThy and analyzed on alkaline sucrose gradients. Figure   4b shows that most of the 40% residual Ad2 EH A formed in the presence of (B) Ammonium sulfate extracts of infected nuclei (•-•) or the cushion fraction (0-0) obtained from partially purifying these extracts on neutral sucrose gradients were assayed for endogenous Ad2 replication activity and inhibition by ddTTP. In addition, the effect of ddTTP on similar activity using intact nuclei prepared from infected cells ( i A) was measured. Uninfected HeLa cell nuclei served as controls ( A A) . Nuclei were prepared from cells with 0.5% NP40, and washed as for extraction, however, the pelleted nuclei were resuspended in 20 mM Tris pH 7.5, 5 mM EDTA and 10% sucrose and maintained on ice for assay of activity.
100% activity for 10 7 Ad2 nuclei was 16 pmol; for HeLa nuclei 6 pmol, for the Ad2 nuclear extract 13 pmol; and for the Ad2 cushion 7 pmol. infected cells, we compared the effect of heat treatment on purified DNA polymerase activity with that on the in_ vitro Ad2 replication system. Figure 5a shows that when the isolated DNA polymerases were preincubated at 45°C for 30 min, DNA polymerase y is rapidly inactivated. DNA polymerase (5 is also inactivated but at a slower rate while the DNA polymerase a is considerably more resistant to heat. Similar treatment of nuclei or nuclear extracts obtained from Ad2 infected cells suggested that the elongation activity of Ad2 is thermosensitive, (Fig. 5B) . In order to demonstrate that such treatment is affecting the activity of the DNA polymerase y present in the Ad2 replication system, nuclear extracts of Ad2 infected cells were sedimented on neutral sucrose gradients and the cushion fraction was divided into 2 portions.
One was heat inactivated at 45°C for 30 min. Both portions were sonicated This effect of ddTTP on isolated DNA polymerases from mammalian tissues is entirely consistent with previous observations (18, 19) . Since 6 activity was detected in exceedingly small quantities in DNA polymerase preparations partially purified from the Ad2 replication complex, it suggests that the decrease in Ad2 elongation activity by ddTTP is due to an inhibition of the DNA polymerase r present in the replication complex. This conclusion is based an the assumption that the ddTTP inhibition of DNA polymerase in the replication complex is similar to that observed with the isolated enzymes.
Similar inhibitor experiments with ddTTP were done with intact nuclei isolated either from the Ad2 infected or control HeLa cells. The inhibition of Ad DNA synthesis in whole nuclei by ddTTP was similar to the results in the soluble Ad DNA replication complex. However, unlnfected nuclei were resistant to the drug, consistent with previous reports for HeLa (19) and CV1 cells (18) . Van The heat inactivation experiment, which showed that the Ad2 replication complex at 45 and DNA polymerase y purified from it are heat labile, is supportive of our findings with ddTTP. We also examined the effect of heat treatment on isolated DNA polymerases and confirmed the results of others (16, 22) that DNA polymerase y is very sensitive, polymerase 6 is less sensitive and DNA polymerase a is relatively stable when heated to 45°.
These conclusions do not exclude a concomitant role for the DNA polymerase a. Recently we have shown that aphidicolin, a specific inhibitor of DNA polymerase a also inhibits Ad replication both in HeLa cells and in the Ad DNA replication complex (1) . The extent of inhibition with either aphidicolin or ddTTP alone is greater than ninety per cent and suggests a concomitant need for both DNA polymerases a and y in the elongation process.
Recent work with extracts of SV40 infected cells or uninfected HeLa cells have suggested that the DNA polymerase a is the predominant activity associated with the replication complex. In contrast to our findings with the Ad2 system, in_ vitro SV40 or HeLa DNA synthesis is insensitive even to high ratios of ddTTP/TTP (18, 19) . At the present time, we do not know why 
